In a series of papers, we pointed out that an anomalous U (1) A gauge symmetry naturally solves various problems in grand unified theories (GUTs) and that a horizontal gauge symmetry, SU (2) H or SU (3) H , not only realizes the unification of three generation quarks and leptons in fewer multiplets but also solves the supersymmetric flavor problem. In this paper, we examine the possibility that the Higgs sectors of the GUT symmetry and of the horizontal symmetry are unified, that is, there are some Higgs fields whose vacuum expectation values (VEVs) break both the GUT gauge symmetry and the horizontal symmetry at the same time. Although the scale of the VEVs become too large to suppress the flavor changing neutral current processes sufficiently, the unification is possible. In addition, for the SU (3) H models, the SU (3) H gauge anomaly is cancelled in the unified models without introducing additional fields in contrast with the previous models in which the Higgs sectors are not unified.
Introduction
We have several reasons for introducing a horizontal symmetry G H . One of them is to understand the origin of the flavor violation in Yukawa couplings of quarks and leptons. Actually many studies have been done along this direction [1] - [8] .
The second reason is to unify quarks and leptons in fewer multiplets, though it is strongly related with the first motivation. Usual Grand unified theory (GUT) has two kinds of unification. The first unification is to unify gauge interactions, and the second is to unify quarks and leptons. However, usual GUT with SU (5), SO(10) or E 6 gauge group can unify only one generation quarks and leptons. In order to unify all the quarks and leptons into a single multiplet, a larger gauge group such as SO(12 + 2n), E 7 , or E 8 is required, though these unified group cannot realize chiral matter in a 4-dimensional theory. However, actually it is possible in higher dimensional field theories, and in that cases, a horizontal symmetry can appear in the effective 4-dimensional field theories.
The third reason is to solve the flavor problem in supersymmetric theories [9] . A nonabelian flavor (horizontal) symmetry can potentially solve the problem. If the first two generation fields become a doublet under the flavor symmetry, Ψ a (a = 1, 2), it is obvious that, unless the flavor symmetry is broken, the sfermion masses of the first two generation fields become universal, which is important in solving the SUSY flavor problem. Of course, in order to obtain realistic hierarchical structure of Yukawa couplings, the flavor symmetry must be broken, for example, by the vacuum expectation value (VEV) F a . Then, generically the universal sfermion masses are lifted by the breaking. Various models in which the breaking effects can be controlled have been considered in the literature [10, 11, 12] . However, in GUT models with bi-large neutrino mixings, which have been reported by recent experiments [13, 14] , the universality of the first two generation sfermion masses is not sufficient to solve the SUSY flavor problem, because the large mixings and the O(1) discrepancy between the sfermion masses of the third generation fields and those of the first two generation fields lead to too large flavor changing neutral current (FCNC) processes, for example, ǫ K in K meson, µ → eγ, τ → µγ, etc. One of the authors pointed out that E 6 unification can naturally solve this problem in Refs. [15] . The essential point is that in the E 6 unification all three light modes of5 fields come from the first two generation fields Ψ a (27) [3] , because it is naturally expected that the5 fields from the third generation field Ψ 3 become superheavy owing to its large Yukawa couplings. Therefore, all the three light modes of5 have universal sfermion masses, which are important in solving the SUSY flavor problem.
In a series of papers [4, 5, 6] [16]- [19] , we proposed an attractive GUT scenario with an anomalous U(1) A gauge symmetry [20] , whose anomaly is cancelled by the Green-Schwarz mechanism [21] . One of the biggest differences between our works and previous works is to introduce generic interactions even for higher dimensional interactions. Therefore, once we fix the symmetry of the theory, we can define the theory except O(1) coefficients. It is interesting that under this natural assumption, the doublet-triplet (DT) splitting is realized with sufficiently stable nucleon, and realistic quark and lepton mass matrices including the bi-large neutrino mixings are obtained. Moreover, the non-abelian horizontal gauge symmetry can be naturally introduced in the GUT scenario with an anomalous U(1) A gauge symmetry to solve the SUSY flavor problem, especially in the E 6 unification.
In Refs. [15] , the Higgs fields to break the horizontal gauge symmetry G H = SU(2) H or SU(3) H are different from the Higgs fields to break the GUT gauge group SO(10) or E 6 . However, in principle, these Higgs sector can be unified, namely, a non-vanishing VEV of a Higgs field with non-trivial representation for both gauge groups can break both gauge groups. If it is realized, the number of the Higgs fields can be reduced. In this paper, we examine this possibility.
After this introduction, we give a brief review of the horizontal symmetry that is introduced to suppress the FCNC processes in section 2. And in section 3, we examine the possibility for SO(10) unification, and in section 4, E 6 unification is examined.
Horizontal symmetry for SUSY flavor problem
In this section, we briefly review an idea that a horizontal symmetry is introduced to solve the SUSY flavor problem, because this is one of the most important motivation to introduce a horizontal symmetry.
For simplicity, we consider a simple model with a global horizontal symmetry U (2), under which the three generations of quarks and leptons, Ψ i = (Ψ a , Ψ 3 ) (a = 1, 2), are transformed as 2 + 1, and the Higgs field H is a singlet. Then only the Yukawa interaction Ψ 3 Ψ 3 H is allowed by the horizontal symmetry, which accounts for the large top Yukawa coupling. Suppose that the U(2) horizontal symmetry is broken by the VEVs of a doublet F a = δ 
The ratios of the VEVs to the cutoff, ǫ ≡ V /Λ ≫ ǫ ′ ≡ v/Λ, give the following hierarchical structure of the Yukawa couplings:
Moreover, the U(2) H symmetric interaction d 4 θΨ †a Ψ a Z † Z, where Z has a non-vanishing VEV given by Z ∼ θ 2m , leads to approximate universality of the first and second generation sfermion masses:m 
Here, ǫ 2 results from higher dimensional interactions, like d 4 θ(Ψ aF a ) † Ψ bF b Z † Z, through a non-vanishing VEV F . The important parameters which are constrained by the FCNC processes are defined by
where V x is a diagonalizing matrix for fermions x = q, u R , d R , l, e R [22] . The constraints are given as, for example, 
at the weak scale from ǫ K in the K meson mixing, and
m L 100 GeV 2 (6) from the µ → eγ process.
Actually, the U(2) H symmetry realizes not only hierarchical Yukawa couplings but also approximately universal sfermion masses of the first two generation fields. These mass matrices lead to the relationsm
where m F i andm i are the masses of the i-th generation fermions and the i-th generation sfermions, respectively. Unfortunately, these predictions of this simple model imply a problematic contribution to the ǫ K parameter in the K meson mixing and the µ → eγ process. Moreover, it is obvious that the hierarchical Yukawa couplings predicted by this simple model are similar for the up-quark sector, the down-quark sector, and the charged-lepton sector. This is inconsistent with the experimental results. Moreover, in the neutrino sector, it seems to be difficult to obtain the large neutrino mixing angles that have been measured in some recent experiments [13, 14] . One of the most natural solutions for the above problems is to introduce E 6 unification. One of the points is that the Cabibbo-Kobayashi-Maskawa (CKM) mixings are obtained from the mixings of the diagonalizing matrix of 10 fields of SU(5) that includes the doublet quark Q and the Maki-Nakagawa-Sakata (MNS) mixings are obtained from the mixings of the diagonalizing matrix of5 fields of SU(5) that includes the doublet lepton L. The fundamental representation 27 of E 6 is divided as
Here, the representations of SO(10) × U(1) V ′ and SU(5) × U(1) V are explicitly denoted. Therefore, if we introduce three 27 i (i = 1, 2, 3) for the three generation quarks and leptons, only three of the six 5 fields represent quarks and leptons in our world and the other5s become superheavy. One of the most important assumptions is that the main light modes of5 fields come from the first two generation fields 27 1 and 27 2 [3] . The assumption that5 fields from the third generation field 27 3 has larger couplings, that is, larger masses is natural because the third generation field 27 3 must have larger Yukawa coupling to realize the large top 
quark mass. Then, actually, the5 fields can have milder hierarchical Yukawa couplings than the 10 fields, and therefore, the MNS mixings become larger than the CKM mixings. When we introduce a horizontal symmetry SU (2) H , all the three generation5 fields come from a single field 27 a , which results in universal sfermion masses for5 fields. Note that the E 6 symmetry is sufficient but not necessary for the above structure. The sufficient and necessary symmetry is SU(2) E that rotates two5s and two 1s in 27 representation as doublets.
SO(10) × SU (2) H
In this section, we consider a model with an SO(10) × SU(2) H × U(1) A gauge symmetry. This model does not solve the SUSY flavor problem sufficiently, but it is shown that in the Higgs sector, the horizontal symmetry can be naturally introduced.
3.1 Doublet-triplet splitting in SO (10) In this subsection, we review a mechanism that realizes the DT splitting naturally in the SO(10) unified scenario without a non-abelian horizontal gauge symmetry. [4] The content of the Higgs sector with the SO(10) × U(1) A gauge symmetry is given in Table 1 , where the symbols " + " and " − " denote Z 2 parity quantum numbers.
One of the most important features of the GUT scenario with the anomalous U(1) A symmetry is that VEVs are determined by anomalous U(1) A charges as
where the O i are GUT gauge singlet operators with charges o i , and λ ≡ Θ /Λ ≪ 1. Here the Froggatt-Nielsen (FN) field Θ has an anomalous U(1) A charge of −1 [23] . Throughout this paper, we denote all superfields and chiral operators by uppercase letters and their anomalous U(1) A charges by the corresponding lowercase letters. When convenient, we use units in which Λ = 1. Such a vacuum structure is naturally obtained if we introduce generic interactions even for higher-dimensional operators and if the F -flatness conditions determine the scale of the VEVs [4, 5] . Since all the positively charged singlet operators have vanishing VEVs, the SUSY zero (holomorphic zero) mechanism acts effectively. Namely, the negatively charged interactions are not allowed by the symmetry.
Therefore the superpotential for determination of the VEVs can be written as
Here W X denotes the terms linear in the field X that has positive anomalous U (1 , even if they are allowed by the symmetry. This is because these interactions do not play a significant role in our argument, because they do not include products of only the neutral components under the standard gauge group. It is easy to include these terms in our analysis.
The F -flatness condition of
It is interesting that the scale v is determined by the anomalous U(1) A charge as v ∼ λ −a . This DimopoulosWilczek (DW) form of the VEV plays an important role in solving the DT splitting problem [24] .
The F -flatness condition of S determines the scale of the VEV C C as C C ∼ λ −(c+c) , and the D-flatness condition requires
The scale of the VEV is again determined by only the charges of C andC.
The F -flatness conditions of C ′ andC ′ realize the alignment of the VEVs C and C (Barr-Raby mechanism) [25] . The F -flatness conditions
, not all components in the spinor C vanish. Then Z is fixed as Z ∼ − λv), then the gauge group SU(3) C × SU(2) L × SU(2) R × U(1) B−L is broken to the standard gauge group. Once the direction of the VEV C is determined, the VEV C must have the same direction, because of the D-flatness condition. Therefore, Z ∼ − 3 2 λv. Thus, all VEVs have now been fixed. Finally, the F -flatness condition of H ′ is examined. The F -flatness condition F H ′ = 0 leads to the vanishing VEV of the triplet Higgs, H T = 0.
Here, we examine the mass spectrum of 5 and5 of SU (5), to see how the DT splitting is realized. Considering the additional terms
we write the mass matrices M I , which are for the representations 
and their conjugates:
In this matrix, A vanishes only for doublet Higgs, so only one pair of doublet Higgs becomes massless. Massless modes are
Namely the DT splitting is realized. The effective colored Higgs mass is estimated as (
, which is larger than the cutoff scale, because h < 0. Therefore the proton decay via dimension 5 operators is naturally suppressed.
Straightforward calculation shows that all the non-singlet fields become massive except one pair of doublet Higgs discussed above. Surprisingly, though the mass spectrum does not respect the SU(5) GUT symmetry, the gauge coupling unification can be naturally realized. This is because the general discussions for the natural gauge coupling unification in Refs. [18] can be applied. This gauge coupling unification requires that the cutoff scale Λ must be around the usual GUT scale Λ G ∼ 2 × 10 16 GeV and the unification scale becomes λ −a Λ, which makes proton decay via dimension 6 operators interesting.
3.2 Doublet-triplet splitting in SO(10) × SU (2) H
The content of Higgs sector is listed in Table 2 . The essential part of the superpotential to determine the vacuum structure is written as
Here we omit the O(1) coefficients as well as the power factor λ x where x is the total charge of the corresponding term. The half integer charges play the same role as Z 2 parity in the previous SO(10) model. The last term in Eq. (19) and fields F and F ′ are required to obtain realistic quark and lepton mass matrices, but not required to realize the DT splitting. Besides the last term, the structure is essentially the same as in the previous models. The difference appears in the termsC(A+Z)C and S(1+CBC). Since c+c > 0, the VEV C C must have vanishing VEV. On the other hand, the F -flatness condition of S leads to the non-vanishing VEV C BC ∼ λ −(c+b+c) . ThereforeC, B and C must have non-vanishing VEVs. If we take
with
(c+c+b) , it is easily checked that not only the above conditions from F -flatness conditions but also the D-flatness conditions for SO (10) and SU(2) gauge interactions are satisfied.
The F -flatness condition ofC
realizes alignment (Barr-Raby mechanism) . As in the previous subsection, The VEV of Z is fixed such that Z ∼ − Note that once we fix the VEV of Z, the F -flatness condition ofC automatically realizes the same alignment for the VEV of C, which is consistent with the D-flatness condition of SO (10) . Namely, an additional sliding singlet Z does not required. This interesting feature is realized by unifying the Higgs sectors for breaking SU(2) H and SO (10) .
Considering the additional terms
we write the mass matrices of 5 and5 of SU (5) 
In this matrix, A vanishes only for doublet Higgs, so only one pair of doublet Higgs
becomes massless. This mixing in the doublet Higgs plays an important role in obtaining quark and lepton mass matrices. The F -flatness condition of F ′ leads to
where the non-vanishing scale V F is determined by the F -flatness condition of S ′ that leads to F BF ∼ λ −(2f +b) . Again, an alignment happens by the F -flatness condition. This non-vanishing VEV is important in obtaining realistic mass matrices.
When the VEV relation (9) holds, as discussed in Ref. [18] , the effective chargesx of fields X are defined asx = x + c F ∆f + c V ∆c (27) where c F and c V are U(1) F ⊂ SU (2) 
where
It is easily checked that the effective charges defined in the above determine all the scales of non-vanishing VEVs as X ∼ λ −x and masses of superheavy fields of Y 1 and Y 2 as λỹ 1 +ỹ 2 . Note that all the terms that reproduce the mass term contribute O(λỹ 1 +ỹ 2 ) to the mass of Y 1 and Y 1 . For example, λ
It is obvious that even for higer dimensional interactions, the coefficients are determined by the simple sums of the effective charges. Thus, in the followings, we often write down only some representatives of interactions.
Quark and lepton sector
It is not so difficult to obtain realistic quark and lepton mass matrices, using this simple Higgs sector. For example, let us introduce the matter sector as in Table 3 . Here the rational charges play the same role as R-parity.
The 10 field is divided into 5 +5 of SU (5), thus one pair of 5 +5 becomes massive. First of all, we examine which modes become massless. The mass matrix M I of 5 and5 are determined by the effective charges
from the interactions
as
where I = D c , L. Here, we do not write down all the interactions that produce the elements of the above matrix, because their contributions have the same power of λ. Thus, the light modes become
in a certain base of light5 fields 1 . Yukawa couplings of quarks and leptons are obtained from the superpotential
Note that down-quark and charged lepton Yukawa matrices have additional contribution given through the Higgs mixing in Eq. (24), which is the same order as that from the Higgs5 H . This is guaranteed by the fact that the matter mixings in Eq. (37) and the Higgs mixing are determined by the difference of the effective charges. For example, λ ψ+t+c ΨT C and λ ψ+ψ 3 +h+f ΨF Ψ 3 H give Yukawa interactions λψ 1 (10)+t (5) (5) is nothing but the product of the mixing coefficients in Eqs. (24) and (37). As a result, CKM mixings can be obtained as V ij ∼ λ |ψ i (10)−ψ j (10)| . Because The mass matrix of neutrinos is straightforwardly calculated. From the interactions
we obtain the right-handed neutrino mass matrix as
Therefore, light neutrino mass matrix can be estimated from the seesaw relation as
where η is a renormalization factor. Therefore, Maki-Nakagawa-Sakata matrix is obtained as
The concrete model in Tables 2 and 3 gives 
from which the CKM matrix and MNS matrix are obtained by 
Taking λ ∼ 0.5 gives reasonable values for quark and lepton masses and mixings. This leads to a bit small solar neutrino mixing angle, but a cancellation may make it larger, and the bi-large neutrino mixings can be obtained. Unfortunately, the FCNC processes are not sufficiently suppressed in this model. Actually, the parameters δ 10 and δ5 are estimated as 
which lead to too large FCNC processes when λ ∼ 0.5. This is mainly because large mixings in V M N S transform the differencesm 3 −m i (i = 1, 2) to the other mixings in the paramters δ bar5 and because the SU(2) H breaking scale,
, is not so small to suppress the FCNC processes.
horizontal symmetry in E 6 Higgs sectors
In this section, we investigate E 6 models with an anomalous U(1) A gauge symmetry whose Higgs sectors have non-trivial quantum numbers of the horizontal symmetry, SU(2) H or SU(3) H . Since E 6 contains SU(2) E , these model may realize well-suppressed FCNC processes as suggested in §2. In this sence, E 6 models are more promising than SO(10) model considered in the previous section. Unfortunately, however, if both E 6 and the horizontal symmetry is simultaneously broken, it is anticipated to be difficult to obtain realistic models in which the FCNC processes are sufficiently suppressed. The point is as follows. In order to suppress sufficiently the FCNC processes by the horizontal symmetry, the scale at which the horizontal symmetry is broken should be smaller than λ 2 . ( In this Table 5 : The Higgs content of E 6 × U(1) A model of Ref. [7] : The symbols ± denote an additional Z 2 symmetry.
non-vanishing VEV vanishing VEV 78
section, we take λ ∼ sin θ C ∼ 0.22, and we do not fix the anomalous U(1) A charge of the FN field to -1 but Θ ∼ λ θ .) Generically, In GUT models with an anomalous U(1) A symmetry, it is difficult to obtain a smaller E 6 breaking scale than λ 2 [6, 7] . Therefore, if both E 6 and the horizontal symmetry are broken by a VEV of a single field, that is, both the symmetries are broken at the same scale, then the suppression of the FCNC processes does not become sufficient.
After a brief review of the E 6 models with an anomalous U(1) A symmetry and without a horizontal symmetry proposed before, we examine the possibility of the SU(2) H horizontal symmetry in §4.2 and of the SU(3) H horizontal symmetry in §4.3.
E 6 model without horizontal symmetry
We have proposed two types of E 6 Higgs sector in Refs. [6] and [7] . A typical charge assignment for each model is displayed in Table 4 and Table 5 , respectively. The nonvanishing VEVs are given as
in the former model and
in the latter model. The correspondence to the SO(10) model in §3.1 is understood by the decomposition of E 6 representations,
in terms of SO (10) representations. The VEVs along the 1 components of 27 Higgs break E 6 into SO (10) . The adjoint Higgs, A, of the SO (10) model is embedded into the adjoint Higgs, A, in each model. The spinor Higgs, C(C), is embedded into the field that have an non-vanishing VEV along the 16 (16) component. And the MSSM doublet Higgs are embedded into Φ mainly.
As mentioned below, we use the former type to unify the Higgs sectors for E 6 breaking and for horizontal symmetry breaking. Thus let us concentrate on the former type. Here, we also assume the VEV relations Eq. (9) and thus effective charge is well-defined as
where c V and c V ′ are U(1) V and U(1) V ′ charges of the field X which are normalized by the charges of the component with non-vanishing VEVs C and Φ , respectively. ∆c and ∆φ are determined by the relations
This assumption on the VEV relations (9) is natural if we introduce the generic interaction as comented in §3.1. Then, the non-vanishing VEVs are determined by the superpotential that is linear in the field with vanishing VEV,
W C ′ and WC′ play similar roles as in the SO (10) A ) 54 , which is required to obtain the DW form of 45 A in a natural way. And the term,ΦA ′ AΦ, is also required, because without this term, some components of A can not obtain superheavy masses due to an accidental symmetry in the superpotential that determine the VEVs, A , Φ and Φ , namely they become Pseudo Nambu-Goldstone (PNG) modes. However, the larger a ′ +a results in the lighter mass spectrum for superheavy modes which make the gauge couplings evaluated at the cutoff scale stronger. If we take a ′ + a > 4, the gauge couplings go to the non-perturbative region in most part of the parameter space. Thus, we cannot take φ+φ so small, and therefore Φ and Φ cannot be so small. As for the mass spectrum of this Higgs sector, we need the term,ΦΦC, to give the effective mass term, 1Φ 10Φ10C. This term is essential to avoid unwanted light modes because one pair of 27-27 Higgs can not obtain mass with the primed field in this Higgs content while one pair of 16-16 components can obtain mass of the symmetry breaking scale through the Higgs mechanism.
In the quark and lepton sector, we introduce three fundamental matters, Ψ i (27) (i = 1, 2, 3), and their U(1) A charges are taken as ψ 1 −ψ 2 ∼ 1 and ψ 2 −ψ 3 ∼ 2 to reproduce the CKM mixings. The three fields, Ψ i , include three 5s and six5s of SU (5). They have mass terms through the two types of interaction λ ψ i +ψ j +φ Ψ i Ψ j Φ and λ ψ i +ψ j +c Ψ i Ψ j C, yielding a 3 × 6 mass matrix,
Here, for simplicity, we assume that the SUSY-zero mechanism does not forbit any elements. However, even if some of the elements of 3 × 3 matrix of 10 Ψ i and 16 Ψ i vanish by the SUSY-zero mechanism, the following arguments can be applied unless the ranks of the 3 × 3 matrix is reduced. Here, the parameter r is defined by
. These mass terms make three pairs of 5 and5 superheavy, while three5s remain massless. Providing 0 ≤ r ≤ ψ 1 − ψ 3 , these three modes can be written as
where we use a base in which each light mode includes no other main modes. From these mixing, we can find the Yukawa matrices of the down-type quarks and the charged leptons are given as
if we set 2ψ 3 + φ = 0 to reproduce the O(1) top Yukawa coupling. Note that although in the 3 × 6 matrix (62) the SU(2) R breaking VEV, C , appears through the Yukawa interaction, Ψ i Ψ j C, this breaking effect is not sufficient to produce the Cabibbo mixing. Actually, unless there is the SU(2) R breaking in the Yukawa couplings of Ψ i Ψ j Φ and Ψ i Ψ j C or in MSSM higgs mixings as in SO (10) case (24), the components with the parenthesis in the matrix (66) become smaller in the basis where the Yukawa matrix of the up-type quarks is diagonalized. Then, the Cabibbo angle becomes smaller than the naively expected value, λ ψ 1 −ψ 2 . Therefore, the SU(2) R breaking effect have to appear at least either of in the Yukawa couplings or in the MSSM higgs mixings. Then, the CKM matrix is obtained as
Thus, the CKM matrix are determined by the differnce of the U(1) A charges, ψ i − ψ j , and therefore, by the difference of the effective U(1) A charges,ψ i (16, 10) −ψ j (16, 10) = ψ i − ψ j . Here, we denote the representations of SO (10) and SU (5), explicitly. The MNS matrix is also determined by the difference of the effective charges,ψ 1 (16,5) −ψ 1 (10,5) = r and
Because the mass of the light neutrinos is given from the operators, L i L j H 2 u , we can estimate neutrino mass matrix as
whereψ 2 (16,5) +φ(10, 5) = ψ 2 + φ − r + ∆φ. Let us introduce a parameter l that parameterize the mass of the heaviest light neutrino, m ν 3 , as −(l+5) ≡ 2ψ 2 +2(φ−r+∆φ), namely
In order to explain the atmospheric neutrino experiments [13] , l should be around −1-−4.
Finally, let us comment on the gauge coupling unification. In Ref. [18] , it is shown that the success of the gauge coupling unification in the minimal SUSY SU(5) model can completely be reproduced in the scenario of GUT with an anomalous U(1) A gauge symmetry if the VEV relation (9) holds, although the mass spectrum of superheavy fields does not respect the SU(5) gauge symmetry. In the latter scenario, the effective mass of the color triplet partners of the MSSM doublet Higgs should be around the usual GUT scale Λ G ∼ 2 × 10 16 GeV, if the contribution from O(1) coefficients that we have omitted is negletcted. This condition can be expressed as
Because the cutoff scale in the scenario is around the usual GUT scale, Λ G , this condition may lead to too rapid proton decay via dimension 5 operators. However, in the scenario, the masses of superheavy fields are determined by the anomalous U(1) A charges but still have the ambiguity of the O (1) coefficients. Because the number of the superheavy fields is large, the contribution of the O(1) coefficients cannot be neglected. Actually, the ambiguity due to the O(1) coefficients makes larger m eff C possible, and indeed we push m eff C larger to suppress the proton decay via dimension 5 operators. But larger m eff C requires a larger ambiguity which seems less natural. Thus, as long as the sufficient suppression of the proton decay is achieved, a smaller m eff C , which is realized by larger φ and larger ∆φ, is preferred for the gauge coupling unification.
E 6 × SU (2) H
Since the matter sector can be unified in terms of the SU(2) H horizontal symmetry as in §2, the next task is to unify the Higgs sector. Motivated by the decomposition
we assign non-trivial representation of the horizontal symmetry only to 27, 27 and 1 Higgs. By the way, in the matter sector, two 27 for the 1st and 2nd generations are treated as a doublet, and the difference of their effective charges should correspond to the Cabibbo angle, ψ 1 − ψ 2 ∼ 1. This means the difference of the effective charges of two components of doublets should be also around 1 if the effective charge is well-defined 2 . In the Table 5 , we introduce two 27 (Φ, C ′ ) and two 27 (C,C ′ ), where the primed fields have positive charges and the unprimed fields have negative charges. And the difference of anomalous U(1) A charges of each two fields is much larger than 1. Thus, it is difficult to unify the Higgs sector of the Table 5 3 . And thus, we concentrate on the Higgs sector of the Table 4 , which contain 78 :
and singlets. By the same reason as mentioned in the previous footnote, it is difficult to embed the primed fields into a doublet if we aim to suppress the FCNC processes not assuming the universal soft mass. If we take (Φ, C) as a doublet under SU(2) H , the Yukawa interaction for the top quark, Ψ 3 Ψ 3 Φ, is forbidden by the horizontal symmetry. Thus the remaining possibility is to embedΦ andC into a doublet asC a = (Φ,C). The Higgs content we consider below is summarized in Table 6 . For simplicity, we 
assume that any component fields other than shown in Table 6 have vanishing VEVs.
2 Later, we consider models where the effective charge is not well-defined. But as in the analysis, if the ill-definedness is small, then the following discussion can be applied.
3 If we takeψ 1 −ψ 2 ≫ 1, which corresponds λ > sin θ C , we may obtain a suitable model which has realistic quark and lepton masses and mixings as in the previous SO(10) case. However, it must be difficult for the horizontal symmetry to suppress the FCNC processes sufficiently. Of course, if the universality of sfermion masses are guaranteed by some other mechanism, such models can be realistic. But we do not examine such possibility here.
If three GUT and horizontal gauge singlets have non-vanishing VEVs as in the VEV relations (9) from three F -flatness conditions, for example,
relations ∆f = ∆f = ∆f c = ∆f c are obtained. Once these relations are fixed by three F -flatness conditions, the VEVs of the other singlet operators that have non-vanishing VEVs automatically satisfy the VEV relations (9) . When some of the non-vanishing VEVs do not satisfy the VEV relations (9), generally, these ∆f s have different values. Such models will be discussed later, in which the effective charge can not be well-defined. But for the moments, let us assume Eqs. (75)- (77) hold. In addition to the three relations, three D-flatness conditions
determine three parameters, ∆φ, ∆c and ∆f , in terms of the anomalous U(1) charges. Roughly, there are four possible cases as follows:
As for the 2nd and 3rd case, the horizontal breaking scale is larger than the GUT breaking scale 1 . As discussed in §4.1, 1 does not seem so small as λ 2 . Therefore, SU(2) H breaking scale larger than 1 is not sufficient for the suppression of the FCNC processes. For simplicity, we concentrate on the 4th case in the following discussion, but a similar discussion can be applied to the other cases. In the 4th case,
in other words,
The condition for the 4th case (F 2 ≥F 1 , 16C 2 ) to be realized is given by
which is also written as
In addition, as shown in §4.1, the following conditions are required phenomenologically:
• The parameter r for the neutrino mixings should be around
• The parameter l for the neutrino mass scale should be around −1-−4.
• In order to realize the DT splitting, C ′ AΦΦ must be allowed, and C ′ ACΦ must be forbidden.
•CFCFCF , which corresponds toΦΦC in §4.1, must be allowed in order to avoid undesired massless modes.
• In order to give mass to would-be PNG modes, A ′ AΦCF must be allowed.
• For the gauge coupling unification, smaller effective mass of the colored Higgs, m eff C ∼ λ 2φ+∆φ , is preferable. In the model displayed in Table 4 , m eff C ∼ λ −8.5 .
• In order to reproduce the realistic quark mass matrices, the SU(2) R symmetry must be broken in the Yukawa couplings. SU(2) R breaking VEVs C = C can be picked up through the SM Higgs mixing (C ′CF AΦ 2 is required), or through higher dimensional interactions (for example, ΨCCΨF Φ) 4 .
These conditions are rewritten in terms of the anomalous U(1) charges as
Note that the 1st condition is not consistent with the 3rd conditions ifψ 1 −ψ 2 = 1, that is, ∆f = is not an unacceptable choice, although rather large ambiguity of O(1) coefficients are needed to reproduce the large atmospheric neutrino oscillation.
2. To set c ≥ φ and introduce an additional discrete symmetry to forbid C ′ ACΦ. In this case, r = 1 2 (c − φ + 2∆f ). If c = φ is taken, the relation r = 1 2 is obtained.
3. To give up the effective charge.
In terms of the notation in Table 6 , r is given by
Thus, if ∆f c + ∆f c > ψ 1 − ψ 2 , sufficiently large r can be obtained without imposing additional symmetries.
Along each strategy, we construct realistic models as follows.
c < φ (r <
1 2
)
In this analysis, we fix the ∆f as (c − φ + 1) indicates that the larger c − φ < 0 leads to larger r < 1 2 . Therefore, if c − φ is taken as the minus minimum unit of U(1) A charge, then r becomes the closest value to 1 2 . Therefore, the smaller unit leads to the closer value of r to 1 2 . Here, we introduce half integer U(1) A charges and take θ = − 1 2 , which give r = . As noted before, in the vacuum 4, the SU(2) H breaking scale is the same as the E 6 breaking scale, because the VEVs 1 Φ = 1C 1 ∼ F 2 ∼ λ −k break simultaneously SU(2) H and E 6 . In order to suppress the FCNC processes, a smaller SU(2) H breaking scale is preferable, but on the other hand, a smaller E 6 breaking scale leads to a larger effective colored Higgs mass, which can spoil the success of the gauge coupling unification and/or result in the non-perturbative region of gauge couplings, as noted in §4.1. Taking account of the above conflict, we take k = −1 here. Thus, the relation k = f − ∆f leads to f = − 1 2 . Then, the condition for the vacuum structure 4, Eq. (87), and the condition (92) give a relation 2k
that is,c ≥ . Under fixed k and f , because 3k =c + f + φ, largerc leads to smaller φ, and therefore a larger colored Higgs mass, which leads to less natural explanation for the success of the gauge coupling unification. Therefore, we adoptc = 1, which leads to φ = − . And we takef = −2.
As for a, a = − 1 2 and a = −1 are possible. The former yields relatively large FCNC processes because A breaks the SU(2) E symmetry which guarantees the universality of masses of three5 sfermion fields. Therefore, we take a = −1, though the gauge couplings may become in non-perturbative region. 
We set z the largest value which Table 7 : Examples of the charge assignments for the 1st and 2nd strategies : Signs denote the additional Z 2 symmetry that play the same role as the Z 2 symmetry introduced in Table 4 . This charge assignment yields r = and l = −5 − c. Odd quarter integer charges of the matter fields (Ψ 3 , Ψ a ) guarantees that the R-parity is automatically conserved. When c ≥ φ, we impose an additional Z 2 symmetry and introduce a singlet field Z C to forbit C ′ ACΦ while allowing C ′ AΦΦ.
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forbids C ′ ZΦΦ. Here, the matter fields (Ψ 3 , Ψ a ) are also shown. From their charges, we can find l = −1 and ΨΨΦCCF is allowed, which introduces SU(2) R breaking in the Yukawa couplings. Note that only the matter fields have odd quarter integer charges, and therefore they always appear in pair, which guarantees the R-parity is automatically conserved. The effective colored Higgs mass is given as λ −19/2 . This value is not so much different from the value of the model in Table 4 . And the parameter δ 10 and δ5 are estimated as
which are obtained from the non-renormalizable interactions, for example,
Off diagonal elements of δ become smaller than those in the previous SO(10) model, though these are still too large to suppress the FCNC processes and we must require other mechanisms that suppresses the above non-renormalizable interactions with the spurion field Z or that gives universal sfermion masses.
φ ≤ c (r ≥
)
Next, let us examine the 2nd strategy. With the aid of an additional discrete symmetry, we can forbit the interaction C ′ ACΦ while allowing C ′ AΦΦ even when φ ≤ c, which always leads to r ≥ 1 2 . For example, consider another Z 2 symmetry that only C and Z C have odd parity. Here z C < φ − c is required to forbid C ′ ACΦZ C and to allow C ′ AΦΦ. In this analysis, we also introduce half-integer charges and fix the value of ∆f as 1 2 . Then, as in the previous strategy, we set (k, f,c, φ,f, a) = (−1, − , −2, −1).
For these charges, Eq.(87) requires
, which leads to c = − 7 2 , −3, − 5 2 . (a ′ , c ′ , z) are also determined as in the previous strategy. We set z C as the largest negative value satisfying φ > c + z C , andc ′ is determined to allowC ′ ZCZ C 6 . Table 7 summarizes the charge assignments.
Here, the matter fields (Ψ 3 , Ψ a ) are also shown. From their charges, we can find l = −3/2, −2, −5/2 and that ΨΨΦCZ CCF is allowed, which is important to introduce SU(2) R breaking in Yukawa couplings. Again, the R-parity is automatically conserved. The effective colored Higgs mass is given as λ −19/2 . And the parameter δ 10 and δ5 are given by the same expression as in Eqs.(97).
∆f = ∆f
Finally, we investigate the possibility where the effective charge is not well-defined. It means the VEV relation (9) does not hold generally. Although this relation is naturally expected to hold, the ambiguity of O (1) coefficients may shift the relation slightly. Here, we assume one of the three singlet operators in Eqs. (75)- (77) has smaller non-vanishing VEV than given in the equaitons because of a cancellation.
From the definition λ r ≡
, we can see the smaller 16 and/or the larger 1 result in larger r. Thus, if the cancellation occurs in Eq. (75), smaller r will be resulted. If the cancellation occurs in Eq.(76), r will be larger. However, in this case, SU(2) R breaking scale becomes smaller than expected by the charges, that is, the SU(2) R breaking effects in Yukawa couplings become smaller, which results in unrealistic quark mass matrices. Therefore, we assume
where ǫ ≪ 1, instead of Eq.(77). Eqs. (75) and (76) mean ∆f = ∆f c and ∆f = ∆f c , and therefore ǫ ∼ λ ∆f −∆f ≡ λ δ . ǫ ≪ 1 leads to ∆f > ∆f . In this case, magnitudes of couplings in the low energy effective theory depend on which interactions exist, in contrast to the case where the effective charge is well-defined and the magnitudes are written by a simple sum of the effective charge. Let us illustrate this by using the Yukawa matrix, ΨΨΦ as a concrete example. For simplicity, we set ψ 3 = n = −φ/2 and ψ = n + m. Then the Yukawa matrix in terms of exponent becomes 
where the term, for example, m − ∆f denotes the element of Yukawa matrix is order of λ m−∆f . Here, the exponents −∆f , +∆f , −∆f and +∆f come from the VEVs F ∼ 6 Another choice is to assign odd parity toC and determinec ′ so as toC ′ ZC allowed. This choice is convenient for embedding the model into E 6 × SU (3) H model, and we consider this possibility later.
One of the terms of each element of the matrix (100) is realized. This depends on which operator are allowed by the symmetry. For example, for the (1,1) element for the Yukawa matrix, interactions λ 2ψ+2f +φ ΨF ΨF Φ, λ 2ψ+f +c+2φ ΨF ΨCΦΦ and λ 2ψ+2c+3φ ΨCΦΨCΦΦ, which are allowed if 2ψ +2f +φ ≥ 0, 2ψ +f +c+2φ ≥ 0 and 2ψ +2c+3φ ≥ 0 are satisfied, induce λ 2m+2∆f , λ 2m+∆f +∆f and λ 2m+2∆f , respectively. That is, the terms that include ΦC (CC) have λ −δ times larger couplings than the terms that includeF (F ) instead of ΦC (CC).
In the following arguments, we assume ∆f = 1 2
and we discuss a possibility that λ 2∆f ∼ 0.22 becomes the Cabibbo angle 7 . Here we introduce half integer charges and set c = φ − . In order to yield the suitable Cabibbo angle, the difference between the (2,2) element and the (1,2) element should be 2∆f , and thus the (1,2) element is 2m or 2m − ∆f + ∆f , and the (2,2) element is 2m − 2∆f or 2m − ∆f − ∆f , respectively. If φ+c >f , when ΨΨΦ F 2 or ΨΨΦ ΦCF is allowed by the symmetry, then ΨΨΦ Φ 2C 2 is also allowed, which results in 2m − 2∆f in the (2,2) element. Therefore, we assume that φ +c <f .
The latter of the (1,2) element comes from ΨΨΦ ΦCCC , which is allowd if 2m
. Then, ΨΨΦ ΦCΦC is also allowed, which results in 2m − 2∆f in the (2,2) element. And thus, the Cabibbo angle becomes too small. Therefore, the (2,2) and (1,2) elements must be 2m−2∆f and 2m, respectively. And if the (2,3) element is m − ∆f , which comes from Ψ 3 ΨΦ ΦC , a charge relation, m ≥ −(φ +c), must be satisfied, and thus ΨΨΦ ΦCΦC is also allowed, which must be forbidden to reproduce the suitable Cabibbo angle. In summary, the following elements are selected :
where "any" suggests any terms are possible. This condition is expressed in terms of the anomalous U(1) charges as φ +c +f < −2m
to forbit the term ΨΨΦ ΦCF which yealds 2m−∆f −∆f for the (2,2) element. Together with the condition (92) and the definition of k, 3k = φ +c + f , we get
By the way, when φ +c +f < −2m, φ > c, and Eq. (101) hold, m is smaller than −(c +c), that is Ψ 3 ΨΦ C C is forbidden by the SUSY-zero mechanism. This means that the (1, 3) component of the matrix becomes m + ∆f that is induced from the interaction ΨΨ 3 ΦF , or the (1,3) element of the corresponding Yukawa matrix vanishes. The important point 7 In order to obtain r ≥ 1 2 , ∆f + ∆f > 1 is required if c − φ < 0. In that situation, to obtain the suitable value for the Cabibbo mixing, it is a reasonable requirement that either of ∆f and ∆f becomes 1 2 . Because ∆f > ∆f , we assume that ∆f = 1 2 here. Table 8 : An example of the charge assignments for the 3rd strategy : Signs denote the Z 2 symmetry that play the same role as the Z 2 symmetry introduced in Table 4 . We assume FF ∼ λ δ λ −(f +f ) , δ = 4/3 and λ ∼ sin θ C . This charge assignment yields r = 11/12 and l = −2 − δ. Odd quarter integer charges of the matter fields (Ψ 3 , Ψ a ) guarantees that the R-parity is automatically conserved.
is that the (1,3) element is larger than the expected value, (2, 3)+(1, 2)−(2, 2) = m+∆f , that is, the (1,3) element of the corresponding Yukawa matrix is smaller than the expected value. Then without the term Ψ 3 ΨCF , the down quark mass and the electron mass become too small (see Appendix A.1 for the detail arguments). Therefore, the term Ψ 3 ΨCF is required. This requirement is written as
Together with the above condition (103), we get
Here, we impose one more condition that keep the gauge couplings in the perturbative region. This is realized by a = − 1 2 . Then, in order to allow A ′ AΦCF to give mass to PNG modes while forbidding A ′ A 7 , we should take k ≥ −5/6. Because smaller k is preferred in order to suppress the FCNC processes, we set the smallest possible value k = − 5 6 . Because m should be around 5 2 -3 to obtain the hierarchy between the up-type quark masses of the 2nd and 3rd generation, the condition (104) leads to φ − 10 3 , and we set φ = − . If we take m = 5 2 ,c ≤ 0 is led from (106), resulting f ≥ 1 due to the definition of k. Since a larger f leads to a larger ∆f and therefore a smaller ǫ, which becomes less natural to realize. Thus we takec = 0 and f = 1. Then, δ = 4 3 and r = 11 12 . And the condition 1 ∼ λ −k ≥ F andf ≥ −3c − 2f make −4/3 ≥f ≥ −2, and we fixf = −2. Table 8 summarizes the charge assignment. (a ′ , c ′ , z) are determined as in the previous strategies in §4.2.1 and §4.2.2, whilec ′ is determined to allowC ′CF AΦΦ. This term is required to mix 16 C component into the massless doublet Higgs, which brings SU(2) R breaking effect into the Yukawa couplings. This SU(2) R breaking effect is needed because in this case ΨΨΦCCF is forbidden.
Note that the interactions which have the total charges larger than −(c + φ + 2c) can couple with a singlet operator ΦCC 2 . Because λ φ+c+2c ΦCC 2 ∼ ǫ −1 ≫ 1, the coefficients of such interactions are enhanced by factor ǫ −1 , In the Majorana mass matrix and the superheavy Higgs mass matrices, such interactions appear and the detail analysis is done in Appendix A. The results are that the parameter l shifts from the naively evaluated value by −δ, and the gauge coupling unification is realized more naturally for the fixed m eff C , which is given as λ − 37 4
8 . And the parameter δ 10 and δ5 are estimated as
These values give larger FCNC processes than those obtained by the 1st and the 2nd strategy (97). This is because we adopt a = − 1 2 , which is required in order to suppress the divergence of the gauge couplings. The difference from the previous cases is that due to the special charge assignmentCCF cannot appear in the Yukawa interactions, and therefore, the SU(2) R breaking must be realized through the mixings in the MSSM Higgs. This requirement results in the larger U(1) A charge forC ′ field, which increases the gauge couplings at the high energy scale.
E 6 × SU (3) H
In this subsection, we consider E 6 ×SU(3) H model, where three Ψ and three 27 (C,Φ,C ′ ) are a triplet and an anti-triplet of SU (3) H , respectively. In this case, the anomaly of SU (3) H of the matter sector is cancelled by that of the three 27, in contrast to the case of Ref. [15] where some additional fields must be required for the anomaly cancellation.
In order to yield the large top Yukawa coupling, SU(3) H should be broken near the cutoff scale. Suppose that SU(3) H is broken into SU(2) H at the cutoff scale by the VEVs E = Ē ∼ λ (e+ē) = 1 and the effective charges can be defined, that is, e +ē = 0 is satisfied. Then it can be shown that the effective theory with SU(2) H can be identified with a certain SU(2) H model that have the same U(1) A charges as the effective charges in the effective SU(2) H model. The essential point is that all the interactions in the SU(2) H model can be induced from the interactions in the SU(3) H model. For example, λ 2ψ 3 +φ Ψ 3 Ψ 3 Φ in SU (2) H model can be obtained from the interaction λ 2ψ+2ē+φ ΨĒΨĒΦ by developing the VEV Ē ∼ 1. Note that the coefficient of the effective interaction is determined by the effective charges, that is, λ 2ψ+2ē+φ Ē 2 ∼ λ 2ψ 3 +φ , whereψ 3 is the effective charge of Ψ 3 of the effective SU(2) H model. Therefore, it is obvious that the total charge of a interaction in the SU(3) H models nothing but the total effective charge of the corresponding interaction in the effective SU(2) H model because SU (3) H is broken at the cutoff scale. Thus, if a term is forbidden by the SUSY-zero mechanism in the SU(3) H model, the corresponding term in the SU(2) H model is also forbidden by the SUSYzero mechanism. Hence, the effective SU(2) H model can be described by the SU(2) H model. Conversely, if an SU(2) H model is found in which the U(1) A charges are the same as the effective charges of an SU(3) H model, then an SU(3) H model can be found straightforwardly. Note that for SU(2) H models, the arguments in the previous section can be applied, which makes the discussion much simpler.
SU(2) H models for SU(3) H models
In order to extend the horizontal symmetry to SU(3) H , the difference m = ψ − ψ 3 is required to be the same asm ≡c ′ −c. In the 3rd strategy, a largec ′ is needed to allow C ′CF AΦΦ, and it is difficult to satisfy the above requirement. Thus we examine the 1st and 2nd strategies in following.
The charge assignments shown in Table 7 still have discrepancy between m = ψ −ψ 3 = 5 2
andm =c ′ −c = 9 2 . Note that phenomenologically viable value of m is around , φ − c − 1 2 , −c − z C − z i ) in the 1st and 2nd strategies,m is written as
This means that in order to obtain a smallerm, larger a and k are required. We can construct such models (see Table 9 ), although the FCNC processes are not suppressed sufficiently: (2) H models that can be embedded into SU(3) H models : Signs denote the Z 2 symmetry that play the same role as the Z 2 symmetry introduced in Table 4 . When c ≥ φ, we impose an additional Z 2 symmetry and introduce a singlet field Z C . These models result in the universal sfermion masses, but the degree of the universality is not sufficient to suppress the FCNC processes.
In order to improve the suppression of the FCNC processes, we have to change some assumptions. If we employ the other choice of Z 2 parity introduced in §4.2.2 forc ′ as in the footnote there. By this choice, we can setc
This can reducem, and we can construct a model that suppresses the FCNC process to the same level as in the models introduced in §4.2.2 and is able to be embedded into SU(3) H model. (See Table 10 ) Actually, the parameters δ 10 and δ5 are the same expression as in the Eqs. (97). (2) H models that can be embedded into SU(3) H models : Signs denote the Z 2 symmetry that play the same role as the Z 2 symmetry introduced in Table 4 . We impose an additional Z 2 symmetry and introduce a singlet field Z C . The FCNC processes are suppressed to the same level as in models in Table 7 . This charge assignment yields r = 1 and l = −5/2. Odd quarter integer charges of the matter fields (Ψ 3 , Ψ a ) guarantees that the R-parity is automatically conserved.
SU(3) H models
Now, we treat SU (3) H models. The Higgs content is summarized in Table 11 9 . Each 
component of a triplet Ψ α and an anti-tripletC α can be picked up as
and the effective charge of each element is given as ψ = (ψ + ∆f + ∆e/2, ψ − ∆f + ∆e/2, ψ − ∆e) (112) c = (c − ∆f − ∆e/2,c + ∆f − ∆e/2,c + ∆e).
This means that, providing e = −ē = ∆e and integrating out E andĒ, we get a SU(2) H model where (ψ, ψ 3 ,c,c ′ ,f, f ) are given as (ψ + e/2, ψ 3 − e,c − e/2,c ′ + e,f − e/2, f + e/2) in terms of the charges in the SU(3) H model 10 . Conversely, we can construct an SU(3) H model with e = −e = 2 as shown in Table 12 from a SU(2) H model in Table 10 . Here, Table 12 : An example of the charge assignments of SU(3) H models : Signs denote the Z 2 symmetry that play the same role as the Z 2 symmetry introduced in Table 4 . We impose an additional Z 2 symmetry and introduce a singlet field Z C . The FCNC processes are suppressed to the same level as in models in Table 7 . This charge assignment yields r = 1 and l = −5/2. Odd quarter integer charge of the matter field (Ψ α ) guarantees that the R-parity is automatically conserved.
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parity assignment of the additional Z 2 symmetry for (anti)triplet fields (Ψ,C, F,F , E,Ē) is (−, +, +, −, −, −), so thatC a (a = 1, 2) and Ψ α (α = 1, 2, 3) have even parity whileC 3 has odd parity, and the others have the same parity as in the SU(2) H model. This parity plays essentially the same role as that in the SU(2) H model in Table 10 .
Summary and Discussion
In this paper, we have investigated SO(10) or E 6 SUSY-GUTs with an anomalous U(1) symmetry and an SU(2) H or SU(3) H horizontal symmetry, where some of GUT-breaking Higgs belong to non-trivial representations of the horizontal symmetry. We have found it possible to unify the Higgs sectors for the GUT symmetry and the horizontal symmetry. It is interesting that for SU(3) H models, SU(3) H gauge anomaly is cancelled between the triplet matter Ψ a and the anti-triplet HiggsC a . Unfortunately, the unification of the Higgs sectors of the GUT symmetry and the horizontal symmetry results in too large FCNC processes. This is because in the scenario of the GUT with the anomalous U(1) symmetry the cutoff scale, Λ, must be around the usual GUT scale, 2 × 10 16 GeV, to realize the natural gauge coupling unification [18] and the true GUT scale in our scenario is difficult to be smaller than λ 2 Λ, which is the sufficient value for suppressing the FCNC processes. At present, we do not know the meaning of this fact. This fact may mean that another mechanism is required to realize the universality of sfermion masses, or that the fields in the Higgs sector of the GUT symmetry do not have non-trivial quantum numbers under the horizontal symmetry, or that the anomalous U(1) A is given up although the GUT models with the anomalous U(1) A solve the doublet-triplet splitting problem and realize the natural gauge coupling unification with generic interactions. However, we hope that the arguments in this paper give a hint in finding the real grand unified theory, which we expect to be just around the corner.
A Effects of deviation from effective charge
In this appendix, we analyse the model defined in Table 8 , in which the VEV relations (9) are not satisfied, that is, the effective charges are not well defined.
A.1 5-5 mass matrix of matters
First, we consider the mass matrix of 5-5 components of Ψ a and Ψ 3 . Because of the decomposition of the fundamental representation of E 6 (8), this matrix becomes 3 × 6. The mass terms of (10, 5) - (10, 5) are given from ΨΨ Φ and those of (10, 5) - (16, 5) are given from ΨΨ C . For the charge assignment in Table 8 , this matrix is given in terms of the exponent as
where "-" means that the corresponding element of the 3 × 6 mass matrix is forbidden by the SUSY-zero mechanism. From this matrix, we can find the three5 that remain massless are given as (10, 5) .
In order to obtain the Yukawa couplings of quarks and leptons, we must know the origin of the MSSM Higgs H u and H d . Here we write just the results:
which will be shown in Appendix A.3. Then we obtain the following Yukawa matrix and mixing matrix for the5 sector as
Note that if Ψ 3 ΨCF is not allowed, the (2, 6) and (3, 5) elements of the matrix (114) become "-". Then the light three5 modes becomē
which leads the Yukawa matrix to
yielding the ratio between the 1st and 3rd eigenvalues as m5 1 /m5 3 ∼ λ 4+δ which is a bit too small because δ = 4 3 . Thus, the term Ψ 3 ΨCF is required.
A.2 Neutrino mass
Next, we consider the neutrino mass matrix. Their Yukawa couplings are give by 3 × 6 matrix because there are two right-handed neutrinos in each 27. They are given from Ψ (16, 5) 
Note that this is written as 
except for the (1, 5) , (1, 6) , (2, 5) and (2, 6) elements, which are smaller than the corresponding elements of the expression (125).
The Majorana mass matrix of the right-handed neutrinos, M R , is a 6 × 6 matrix and their elements are given from ΨΨ CC . This matrix is written in terms of the exponent as
except for the (2, 2) , (2, 3) , (3, 2) , (3, 3) , (4, 4) , (4, 6) and (6, 4) elements, which are smaller than the corresponding elements of the expression (127). These small elements have only sub-leading contributions to the inverse matrix M −1 R . Also, the small elements in the expression (124) have only sub-leading contributions to the light neutrino mass. Thus, the correct order of magnitudes of the light neutrino mass are obtained by a calculation using the expressions (125) and (127) instead of (124) 
In this case, the parameter l is given as −(l + 5) = −3.5 + 2∆φ + δ + 4 + 2r.
This is different from the previous expression for l (90) by δ. Note that the determinant of the matrix (128) is smaller than the naively expected determinant of the matrix (129) by a factor λ 2δ . This means a cancellation must occur in caluculating the eigenvalues of the matirx (129), and the mass of the lightest neutrino become,
which is smaller than the naively expected value from the matrix (129),
A.3 Mass matrix of GUT-breaking Higgs
Finally we examine mass matrices of Higgs that break the E 6 gauge symmetry. Because the VEV relations (9) are not satisfied in this model, the success of the gauge coupling unification may be spoiled. Actually, the coefficients of some effective interactions are dependent on the original interactions given at the cutoff scale as discusses in §4.2.3, that is, the effective charges cannot be defined well. Moreover, if the total charge of a interaction is large enough for the singlet operator,CCΦC, to couple with the interaction, the coefficient for the interaction is enhanced by a factor λ 2c+φ+c CC ΦC ∼ ǫ −1 . Such effects, in principle, disturb the gauge coupling unification, which are guaranteed if the effective charges can be well-defined [18] . Let us illustrate these by calculating the mass matrix of the 5-5 components of Higgs explicitly as an example. It is given as following 11×11 matrix. 
where the effective charges x andx are negative and x ′ andx ′ are positive. The O(1) paramter α is vanishing for one of the component fields for X,X, X ′ , andX ′ . ( For5 and 5 fields, α = 0 for the doublet Higgs because of the doublet-triplet splitting. In our scenario, such vanishing parameters like α also appear for the Nambu-Goldstone (NG) modes in breaking E 6 → G SM .) Bacause x andx are negative and x ′ andx ′ are positive, the (1,1) element is vanishing by the SUSY zero mechanism and the non-diagonal elements are larger than the other diagonal (2,2) element. Therefore, when α = 0, the determinant of the mass matrix is given by the product of the non-diagonal elements, λ x+x+x ′ +x ′ . However, when α = 0, the mass eigenvalues become 0 and λ x ′ +x ′ , which are the smallest non-vanishing eigenvalue among the mass spectrum of X, X ′ ,X, andX ′ . As discussed in the above, it is plausible that the factor ǫ −1 appears in the (2,2) element, which is enhanced if ǫ ≪ 1, that is, the eigenvalue for the component field with the vanishing α is enhanced. For the mass matrix of5 and 5 fields, if doublet-triplet splitting is realized by a certain mechanism, the mass eigenvalues of doublet components tend to be enhanced when ǫ ≪ 1. (The effect of the NG modes can be neglected in many cases because the content of the NG modes respects SU(5) symmetry.) For the mass matrices of the other representation fields, 10 and 24 of SU (5), we can roughly discuss the effect of ǫ ≪ 1. For the mass matrix of 10 and 10 fields, the content of the NG modes respects the SU(5). Therefore, the effect of ǫ ≪ 1 can be small in many cases, althogh the effect depends on the concrete models. (In the model in Table 8 , the effect can be neglected.) For the mass matrix of 24 fields, the NG modes are (3, 2) − 5 6 and (3, 2) 5 6 under the SM gauge group. Therefore, these modes become heavier when ǫ ≪ 1. In summary, the effect of the deviation from the effective charge, ǫ, on the gauge coupling unification appear in mass spectrums of the doublet and (3, 2) − 5 6 pairs by enhancement factors, ǫ −1 , in this model. The enhancement factor in the spectrum of the doublet reduces the disagreement of the gauge couplings caused by the large effective mass of the colored Higgs, m eff ≫ Λ.
